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The ability to perceive depth in a random-dot stereogram is a valuable test for the perception of 
retinal image disparities, whether they arise from the viewing of a stereogram or from the viewing 
of a real 3-D object. However, a stereogram cannot be regarded as a proper model for the 
perception of depth in the case of a real 3-D object. This conclusion comes out most clearly in 
relation to changes in viewing distance. Whereas the viewing of real objects and stereograms both 
obey the rules of size constancy, this is not the case with depth constancy. With changes in viewing 
distance, the viewing of real objects obeys the rules of depth constancy. By contrast, the magnitude 
of the depth intervals in a stereogram are not constant but appear to increase in direct proportion to 
the increase in viewing distance. In a stereogram these changes in the amplitude of the depth 
intervals are based on the same mechanisms as those responsible for size constancy. Copyright 
©1996 Elsevier Science Ltd. 
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INTRODUCTION 
The size and depth constancies determine the way that we 
perceive the visual world. The size of the retinal image of 
an object gets rapidly smaller as the observation distance 
increases yet we are not normally aware of any change in 
the size. The reduction in size is directly proportional to 
the increase in the observation distance so that, for size 
constancy, this decrease must he offset by neural 
mechanisms in the central nervous ystem. The retinal 
disparity corresponding to the three-dimensional depth of 
an object decreases even more rapidly with observation 
distance but, once again, we are usually not aware of any 
change. The decrease in the retinal disparity is very 
nearly proportional to the square of the viewing distance 
(Ono & Comerford, 1977) and, for depth constancy, this 
decrease must also be offset by neural mechanisms in the 
brain. Most of the studies concerned with the size and 
depth constancies have paid little, if any, attention to the 
neural mechanisms likely to be responsible for the 
appearance ofdepth either in stereograms, or with regard 
to 3-D objects in the real world. The present paper 
examines these neural mechanisms and seeks to provide 
the necessary experimental evidence for their support. 
Before 1963, size constancy had always been studied at 
observation distances greater than about 3 m (Holway & 
Boring, 1941). In that year, Wallach and Zuckerman 
(1963) demonstrated the presence of size constancy at 
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viewing distances less than 2 m under conditions where 
the only cues to distance were convergence and 
accommodation. Later Leibowitz et al., (1972) were the 
first to recognize that there are at least two mechanisms 
subserving size constancy, namely oculomotor adjust- 
ments at near distances (<about 2m) and contextual or 
secondary cues at greater distances. For their obser- 
vations, Leibowitz and his colleagues used a very 
accurate laser scintillation technique to assess the degree 
of accommodation. This method did not provide 
confirmation of the effectiveness of convergence as a 
cue in size constancy but, for the young undergraduate 
observers actually concerned in the experiments, he link 
between accommodation a d convergence would have 
been sufficient to ensure that he state of accommodation 
accurately reflected the state of convergence. At near 
distances, ubsequent s udies (Ritter, 1977, 1979) have 
confirmed that, in deciding between convergence and 
accommodation, the visual system relies entirely upon 
convergence asthe cue to viewing distance, completely 
disregarding accommodation. Depth constancy has also 
been shown to be nearly veridical when vergence is the 
only cue to observation distance (Wallach & Zuckerman, 
1963; Ritter, 1977, 1979). 
PSYCHOPHYSICAL CONSIDERATIONS 
If the appearance ofdepth in the real world is to refer to 
the depth intervals between frontal planes in a sagittal 
direction, then the same term cannot be applied to the 
apparent depth intervals in a random-dot stereogram 
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since they do not have any such intervals. The apparent 
depth intervals in a random-dot stereogram relate to 
object features which are, in reality, all confined to the 
one frontoparallel plane through the fixation point. A 
problem arises from the use of the same term "disparity" 
to apply to object features both in a stereogram and in a 
real 3-D scene. In what follows, the distinction between 
the two different uses of the term "disparity" must be 
kept firmly in mind. Wallach and Zuckerman (1963) were 
already aware of the difference between the viewing of a 
stereogram and the viewing of a real 3-D object, but Krol 
(1982) seems to have been the first to spell out these 
differences in a systematic way. Krol proposed to use the 
term stereoptic for the viewing of a natural 3-D scene 
whereas, for the viewing of a stereogram with the help of 
a stereoscope, he proposed the term stereoscopic. Krol's 
terminology will be used in the present paper. 
Among the differences between stereoptic and stereo- 
scopic viewing, Krol mentioned particularly that the 
perceived or apparent objects in a stereogram appear to 
move in space if the observer changes his or her viewing 
position relative to the stereogram. Objects appear to 
"follow" the observer if he/she steps backwards: 
perceived depth for a fixed disparity increases with 
viewing distance. It was not Krol's purpose to attempt an 
explanation for these differences in terms of possible 
neural mechanisms. However, to qualitative inspection it
is easy to confirm that the apparent depth interval in a 
random-dot stereogram does not obey depth constancy 
but increases in direct proportion to the increase in the 
viewing distance. 
Ocular vergence and image size and depth 
It has long been known that the perceived size of a 
fixed retinal image appears to increase with divergence 
and grow smaller with convergence (Wheatstone, 1852). 
After-images behave in a similar fashion (Darwin, 1786; 
Emmert, 1881). Urist (1959) reported that changes in the 
apparent size of an after-image may accompany con- 
vergent and divergent eye movements, even when the 
eyes are closed. Recently Regan, Erkelens and Collewijn 
(1986) studied the effect of ocular vergence on the size 
and apparent depth of multi-dot stereograms when the 
viewing distance was held constant. In their experiments 
Regan and his colleagues rear projected the two target 
elements of a multi-dot stereogram onto a frontoparallel 
screen at a fixed distance (143 cm) from the observer. 
The pattern was seen in sharp focus, with the binocularly 
fused percept consisting of a central diamond-shaped 
area standing out in front of the surround. Each half- 
image of the stereogram was then individually stabilized 
on its retina in the horizontal dimension by using eye 
position signals to drive the deflection mirrors of the rear 
projection system. With each image fixed on its retina, 
eye movements were without effect on the sizes or 
horizontal ocations of the images on each retina. A 
triangular wave was then applied to both targets causing 
their projections to move in counterphase horizontally 
across the screen, first apart from one another before 
coming together again and crossing over so as to be 
oppositely placed on the screen. Each eye automatically 
followed its projection target while, at the same time, the 
observer continued to perceive a single centrally located, 
binocularly fused pattern. Since no fixation point or other 
frame of reference was available, movement in depth of 
the pattern as a whole was not observed. There were, 
however, substantial lterations in the appearance of the 
pattern. As the targets moved apart on the screen, 
divergent eye movements caused the pattern as a whole, 
both in respect o the surround as well as the central 
diamond, to appear to grow larger and brighter and the 
apparent depth interval between the central diamond and 
the surround to increase. Convergent eye movements had 
the opposite effect: the pattern as a whole appeared to 
grow smaller and dimmer and the apparent depth interval 
between the central diamond and the surround ecreased. 
It is worth noting that the brightness changes they 
observed had, apparently, not been previously reported. 
The changes in the appearance of the multi-dot 
stereogram patterns in the above experiments were not 
due to any change in the retinal images, either in respect 
to their size or location, since the actual stereogram 
patterns and the viewing distance both remained un- 
changed throughout he whole procedure. Hence the 
perceptual changes in the appearance of the retinal 
images must have come about as a result of a central 
mechanism that was activated by events associated with 
the ocular vergence. The changes in the frontoparallel 
aspects of the sizes of the retinal images, both in respect 
to the surround as well as the central diamond, were 
precisely those that were required for size constancy so as 
to offset the changes in image size that occur with 
changes in viewing distance. In contrast to size 
constancy, the changes in apparent depth that occurred 
between the central diamond and the surround are not 
those required for depth constancy but are consistent with 
the observation that the apparent depth interval in a 
stereogram increases in direct proportion to the increase 
in viewing distance. Thus, the frontoparallel aspects of 
the random-dot patterns appear to behave according to 
the rules of size constancy but the apparent depth 
intervals do not obey those of depth constancy. 
Unfortunately the only authors to provide quantitative 
evidence for the change in the apparent depth of a 
stereogram with changes of viewing distance appear to be 
Wallach and Zuckerman (1963). In their observations on 
the behaviour of an anaglyph, Wallach and Zuckerman 
id not comment on the apparent overall size of the 
stereogram pattern but they did give measurements of the 
perceived depth intervals when the anaglyphs were 
viewed at two different distances (45.7 and 91.4 cm). 
(In an anaglyph, the two pictures are rendered in different 
colours, and each is prevented from forming images in 
one of the eyes by colour filters of the same chromati- 
city.) The subjects made estimates for a particular depth 
interval in the scene they saw by adjusting calipers, one 
estimate for each viewing distance. The mean estimate 
for the depth perceived at the longer viewing distance 
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was 1.67 times the estimate for the shorter distance; a 
ratio not too far from 2.0, the value to be expected if the 
depth interval increased in direct proportion to the 
increase in viewing distance. 
Stereograms: Factors for size and depth 
In their discussion concerning depth constancy in 
anaglyphs, Wallach and Zuckerman (1963) pointed out 
that "there are two reasons why disparity should vary 
with distance: (1) Inasmuch as disparity consists in small 
differences in the width of the retinal images in the two 
eyes, it must decrease in proportion to the distance of the 
object from the eyes as do retinal images themselves. (2) 
Disparity comes about because the two eyes view an 
object from slightly differettt directions . . . . .  The farther 
the object is from the eyes, the less the two directions 
differ from each other, and the smaller should be the 
disparity that a depth-interval of a given amount will 
cause; . . . .  ". Wallach and Zuckerman did not spell out in 
any detail how the above two factors might operate. They 
did, however, make it clear that, in the case of an 
anaglyph, the only disparity that could play a role 
concerns the first factor, namely the small differences in 
the width of the retinal images in the two eyes. However, 
they still regarded the behaviour of an anaglyph with 
respect o viewing distance as providing "'a simple and 
interesting method for demonstrating stereoscopic depth 
constancy". 
Random-dot stereograms, as a test for depth percep- 
tion, are regarded as being particularly valuable since the 
depth is perceived in the absence of any monocular 
(secondary) cues to depth or monocular form perception 
and also without any binocular cues except retinal 
disparity (Julesz, 1971). However, in the case of a 
stereogram, the perception of depth intervals in relation 
to viewing distance are clearly different from that of real 
3-D objects. This is an area of research that needs to be 
subjected to systematic experimental research. 
NEURAL MECHANISMS 
The role of the lateral geniculate nuclei 
It is clear that the compensatory adjustments oretinal 
image size, that form the basis of the size constancy 
mechanism, are due to changes in ocular vergence. 
Although firm evidence is still lacking, there are, 
however, many observations, albeit indirect, that im- 
plicate the lateral geniculate nuclei (LGN) as being the 
site where the compensatory adjustments are brought 
about. The modifications of the retinal images need to be 
done very early along the visual pathway and the LGN is 
the first available site after the retina. Particularly 
important for these modifications i the requirement that 
the images from the two eyes should be capable of being 
separately manipulated before binocular fusion has taken 
place. Size constancy is basically a monocular phenom- 
enon. Observations on after-images and on the haplo- 
scopic appearance ofthe separate perceptual images from 
the two eyes (Ogle, 1950; Bishop, 1994) attest o the fact 
that he changes in the sizes of the retinal images due to 
ocular vergence are also made on a monocular basis 
before binocular fusion has taken place. 
Because it reflects intending eye movements, the 
corollary discharge is the most likely trigger mechanism 
for the vergence changes responsible for the alterations in 
retinal image size. The oculomotor system in the 
brainstem generates a corollary discharge in the superior 
colliculus that provides accurate ye position information 
in relation to intending eye movements (Guthrie et al., & 
Sparks, 1983). It is known that the superior colliculus is 
intimately connected to the LGN (Harting et al., 1991) 
but whether this connection can carry effective corollary 
discharge information to the LGN is still unclear (Xue et 
al., 1994). However, the decisive experiments on the 
effects of the corollary discharge in the LGN have yet to 
be performed. These experiments would need to be made 
on the awake performing animal (preferably primate) 
trained to fixate a particular object at various observation 
distances. However, by whatever means the information 
contained in the corollary discharge has access to the 
LGN, either from the superior colliculus or via connec- 
tions back from cells in the cerebral cortex, the LGN has 
the morphological properties that make it the ideal site 
for the kind of remapping operation that would be needed 
for size constancy (Bishop et al., 1962; Richards, 1968). 
Bishop (1994) has outlined a process whereby these 
properties could be used as a dynamic mechanism to 
change the relative sizes of the retinal images in the two 
eyes, both in the horizontal as well as the vertical 
dimensions. Furthermore, if the changes in the absolute 
sizes of the retinal images, which take place in the LGN, 
are made in relation to the image sizes at the near point of 
convergence, these adjustments would be relatively 
modest and should be well within the compass of the 
neural mechanisms proposed here. The proposed me- 
chanism has aspects akin to the shifter circuits of 
Anderson and Van Essen (1994) which were specifically 
put forward to allow for the shifts in the focus of attention 
such as occur in stereopsis. On the basis of the above 
mechanisms, egocentric distance would be registered in 
the central nervous system in terms of the inverse 
function of the vergence angle. 
Random-dot stereograms: Neural mechanisms 
A viewing distance of about 40 crn is commonly used 
for random-dot stereograms. The disparity selected for 
this particular viewing distance is, however, purely 
arbitrary provided it leads to the desired 3-D appearance. 
Consider now the neural mechanisms in the LGN that 
could be responsible for the appearance of a random-dot 
stereogram in relation to viewing distance. At retinal 
level, an increase in the viewing distance leads to a 
decrease in the sizes of the retinal images in both eyes 
and hence to a decrease in the magnitude of the disparity 
between them. However, at this stage, the disparity 
between the two retinal images remains only a potential 
disparity that cannot become effective until the two 
monocUlar outputs from the retina have passed through 
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the LGN and have finally come together to provide a 
common synaptic input onto single cells in the striate 
cortex. Meanwhile, at the level of the LGN, the changes 
in the sizes of the two retinal images, that resulted from 
changes in viewing distance to the stereogram, are being 
effectively offset by the correspondingly opposite 
changes brought about by vergence ye movements. As 
noted above, these compensatory adjustments to retinal 
image size form the basis of the size constancy 
mechanism. It is proposed (Bishop, 1994) that the 
information about the vergence eye movements is 
provided by the corollary discharge, possibly coming to 
the LGN from the superior colliculus. Thus, at geniculate 
level, divergent eye movements (greater viewing dis- 
tance) lead to a compensatory increase in the sizes of the 
two monocular images and hence to an increase in the 
disparity between them. Similarly, and also at geniculate 
level, compensatory decreases in the sizes of the retinal 
images due to convergent eye movements (shorter 
viewing distance) will lead to a decrease in the disparity 
between them. 
The disparities that provide synaptic input to the cells 
in the striate cortex are those that pertain to the images 
that have been modified in the LGN and not to those 
found at the level of the retinas. It is for this reason that, 
when the viewing distance increases, the disparities that 
arrive at the cortex from the LGN are those that lead to an 
increase in the amplitude of the apparent depth intervals 
in the stereogram. This accounts for the observation that 
the depth intervals appear to increase in direct proportion 
to the increase in the viewing distance. As noted above, 
this is one of the main features that sets the behaviour of 
random-dot s ereograms apart from the stereoptic depth 
perception of 3-D objects in the real world. 
Random-dot stereograms provide a valuable test for 
binocular depth perception because of the ability of the 
cerebral mechanisms concerned to detect retinal dispa- 
rities, whether they derive from stereograms or real 3-D 
objects. Although the cortical mechanisms are respon- 
sible for the detection of the disparities, in the case of a 
stereogram, the actual magnitude of these disparities are 
due to the same mechanisms that are responsible for the 
size constancy of objects in the real world. It is also 
important to appreciate that, with a stereogram, the size 
constancy mechanism operates on the frontoparallel 
aspects of the sizes of the retinal images, whether it be 
the background surround or those frontoparallel aspects 
of the images that are seen in depth. 
Higher perceptual processes 
It usually takes some time to perceive depth in a 
random-dot stereogram and it is argued that the 
emergence of a previously occult shape or form is an 
indication that higher perceptual processes must be 
involved (Westheimer, 1994). There are a number of 
reasons why voluntary searching vergence ye move- 
ments are needed to locate the camouflaged surfaces. 
There is the so-called correspondence problem--how to 
find the corresponding points in the two images without 
recognizing objects or their parts. This problem arises 
because of the abundance of possible binocular matches 
out of which to identify the image components which are 
to be paired for stereopsis to supervene. These difficulties 
are compounded by the fact that most people cannot view 
a stereogram without optical aids. For the viewing of a 
stereogram the eyes have to accommodate at the plane of 
the stereogram while the eyes converge at the distance of 
the stereogram targets. Thus higher perceptual nd motor 
activities are essential preliminaries but they do not 
invalidate the need for the mechanisms at the lower 
levels. The fact that the mechanisms in the LGN and the 
binocular fusion processes in the cortex have come into 
play are, indeed, an indication that the correct vergence 
angle and accommodation-convergence link have been 
achieved. From the work of Regan et aL (1986) it seems 
that ocular vergence is the key component in these 
operations and that accommodation plays only a minor 
role. 
Depth constancy and real 3-D objects 
Although many issues remain to be resolved, the main 
factors responsible for depth constancy in relation to real 
objects will now be briefly outlined (see Bishop, 1994). 
The disparities associated with depth perception in the 
case of real objects come about because points located at 
different depths are viewed by the two eyes from slightly 
different directions. The angular disparity between the 
visual directions of the same two objects points (the depth 
interval) for a real 3-D object has no parallel in the case of 
a stereogram. Similarly, because the eyes are horizontally 
separated in the head, these disparities are present only in 
the horizontal dimension and there are no corresponding 
disparities in the vertical meridian. As noted above, the 
disparity associated with the depth interval decreases in
proportion to the square of the distance from the eyes. 
Hence, in order to achieve depth constancy, there must be 
a compensatory mechanism that multiplies the disparities 
by the square of the viewing distance. 
When viewing a 3-D object, the retinal images in each 
eye consist of two components, namely the projection of 
the frontoparallel size of the object and the projection of 
the depth interval that is in line with or parallel to the 
visual axis. An increase in the viewing distance brings 
about a reduction in the retinal magnitudes of these two 
components. Subsequently, the two components continue 
to be processed separately atboth geniculate and cortical 
levels. At geniculate l vel, the size constancy mechanism 
based on the corollary discharge leads to compensatory 
adjustments to the frontoparallel aspects of the object hat 
are adequate to provide for size constancy. However, in 
relation to depth intervals, these adjustments provide 
only a partial compensation for depth constancy and 
further compensatory adjustments are needed. At both 
retinal and geniculate l vels the images are still separate, 
so that the respective disparities are still only potential 
disparities. 
Two further processes come into play at cortical evel. 
These are respectively akin to Ogle's (1950) geometric 
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and induced effects. These effects relate to the disparity 
components derived from retinal eccentricity as de- 
scribed by Mayhew (1982). The important features of 
two effects are that, in the form of the ratios of the 
frontoparallel sizes of the compensated images, measured 
respectively in the horizontal and vertical meridians, they 
each provide a direct, but independent, measure of the 
viewing distance, supplementing the information pro- 
vided by the corollary discharge (Bishop, 1994, 1995). 
Both the geometric and induced effects occur normally, 
but under experimental conditions in unusual circum- 
stances, they become manifest as the perception of a 
tilted plane when the magnification i one eye in the one 
meridian, either horizontal or vertical, is significantly 
greater than the corresponding magnification i the other 
eye. The geometric effect refers to the magnification i  
the horizontal meridian of one eye. The main feature of 
the induced effect is that magnification in the vertical 
meridian of one eye induces an effect as if the 
magnification had taken place in the horizontal meridian 
of the other eye (Ogle, 1938). There is a transfer of the 
effect from the vertical to the horizontal meridian, albeit 
to the opposite ye. 
At cortical evel, the compensated geniculate outputs 
from the two eyes, relating to the frontoparallel sizes of 
the images, undergo a synaptic process leading to a size 
value that is the mean 'of the two geniculate sizes. It is 
possible that this value could also be fine-tuned according 
to the magnitude of the viewing distance provided by the 
equation for the geometric effect (Bishop, 1994). 
As a separate process at cortical level, the partially 
compensated geniculate outputs relating to the disparities 
for the depth intervals provide a synaptic input to cells by 
whose means the disparities are further multiplied by the 
magnitude of the viewing distance, as given by the 
equation for the induced effect (Bishop, 1989, 1994). In 
this way depth constancy is finally achieved in relation to 
the disparities associated with the depth intervals. 
In summary it can be concluded that, in relation to 
increasing egocentric distance, random-dot stereograms, 
like real objects, behave according to the rules of size 
constancy. By contrast, real objects and random-dot 
stereograms have radically different behaviours as far as 
apparent depth intervals are concerned. The apparent 
depth intervals in a random-dot stereogram increase in 
magnitude in direct proportion to increases in the viewing 
distance. Real objects, on the other hand, display depth 
constancy, the apparent depth intervals remaining nearly 
constant with increasing egocentric distance. 
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